Vibrio cholerae, the causative agent of cholera, requires iron for growth. One mechanism by which it acquires iron is the uptake of heme, and several heme utilization genes have been identified in V. cholerae. These include three distinct outer membrane receptors, two TonB systems, and an apparent ABC transporter to transfer heme across the inner membrane. However, little is known about the fate of the heme after it enters the cell. In this report we show that a novel heme utilization protein, HutZ, is required for optimal heme utilization. hutZ (open reading frame [ORF] VCA0907) is encoded with two other genes, hutW (ORF VCA0909) and hutX (ORF VCA0908), in an operon divergently transcribed from the tonB1 operon. A hutZ mutant grew poorly when heme was provided as the sole source of iron, and the poor growth was likely due to the failure to use heme efficiently as a source of iron, rather than to heme toxicity. Heme oxygenase mutants of both Corynebacterium diphtheriae and C. ulcerans fail to use heme as an iron source. When the hutWXZ genes were expressed in the heme oxygenase mutants, growth on heme was restored, and hutZ was required for this effect. Biochemical characterization indicated that HutZ binds heme with high efficiency; however, no heme oxygenase activity was detected for this protein. HutZ may act as a heme storage protein, and it may also function as a shuttle protein that increases the efficiency of heme trafficking from the membrane to heme-containing proteins.
Vibrio cholerae is the causative agent of the severe diarrheal disease cholera. V. cholerae has the ability to survive in a variety of environments, including fresh and marine waters, as well as in the human host. Cholera is transmitted to humans from contaminated water and food. Following ingestion, V. cholerae colonizes the lower small intestine, where it secretes cholera toxin. The toxin is responsible for the severe diarrhea characteristic of cholera.
This pathogen has an absolute requirement for iron and must acquire iron in each of the environments in which it grows. Accordingly, it has evolved several mechanisms for iron acquisition, including the production and secretion of the catechol siderophore vibriobactin (9) . This iron-chelating compound binds iron with high affinity and is then transported back into the cell. V. cholerae also uses several siderophores produced by other organisms, including ferrichrome (9, 32) , enterobactin (22, 53) , and schizokinen (35) .
In the human host, heme is an abundant potential source of iron. Although siderophores bind iron with high affinity, they cannot remove the iron from heme or heme compounds. Hence, many pathogenic bacteria, including V. cholerae, have systems for the direct utilization of heme, either as free heme or from various heme-containing proteins (8, 39, 46) . Heme transport genes have been cloned and characterized from a number of gram-negative pathogens (for reviews, see references 8, 42, and 46) .
Proteins involved in the transport of heme into the cell have been identified in V. cholerae. Three distinct outer membrane receptors, HutA, HutR, and HasR (14, 15, 21) , specifically transport heme across the outer membrane. This transport requires the activity of TonB, which, together with its accessory proteins ExbB and ExbD, transduces energy from the inner membrane to heme receptors in the outer membrane. Two complete sets of tonB system genes are present in the V. cholerae genome (24) . The tonB1 exbB1 exbD1 operon is located on the small chromosome, and the predicted protein sequences have low similarity to TonB, ExbB, and ExbD from enteric bacteria. In contrast, TonB2 is encoded on the large chromosome and has higher sequence similarity to the TonB proteins from other enteric bacteria (12, 24) . The hutBCD genes are cotranscribed with the tonB1 system genes. HutBCD comprise a periplasmic binding protein-dependent ABC transport system that is thought to transport heme across the inner membrane. Strains carrying mutations in hutB or hutC can still use heme, suggesting that there must be at least one other mechanism for heme to cross the cytoplasmic membrane (24) .
It appears that the intact heme moiety is transported across the outer membrane. This is supported by the observation that supplying heme transport genes from V. cholerae (15) or other organisms (40) to an Escherichia coli strain that is defective in heme biosynthesis confers the ability to grow normally when heme is provided in the medium (15, 40) . In addition, a V. cholerae mutant strain defective in the synthesis of heme grows normally in media supplemented with heme or hemoglobin (13) . This indicates that heme can be taken up and incorporated into cytochromes and presumably other heme proteins. Transport studies with Yersinia enterocolitica and 14 C-labeled hemin have also indicated that the entire heme molecule was transported into the cell (41) . The manner in which the transported heme is transferred from the heme transport proteins to cellular heme proteins is not known.
Most heme-transporting organisms can use heme as an iron source, since heme promotes their growth on iron-restricted media. In a few pathogenic bacterial species, including Corynebacterium diphtheriae (33, 49) , Neisseria meningitidis (34, 55, 56) , Pseudomonas aeruginosa (30) , and Staphylococcus aureus (37) , heme oxygenase, an enzyme that removes the iron from the heme moiety, has been identified. In these organisms, heme oxygenase is required for the use of heme as a source of iron. However, no heme oxygenase activity has been identified in V. cholerae or any other enteric bacteria, and no gene with homology to known heme oxygenases is present in the sequenced genomes. It is not known whether these bacteria have an unidentified enzyme to remove iron from heme or whether the bacteria can use heme in the absence of such an activity. For example, the efficient incorporation of the newly transported heme into heme proteins may reduce the amount of free iron the bacteria would need to transport from the medium. If this requirement for free iron was reduced to a sufficient level, it may allow the bacteria to grow on iron-restricted media.
In this work we show that HutZ (open reading frame [ORF] VCA0907) is required for efficient heme utilization in V. cholerae. As observed for other heme utilization proteins, the synthesis of HutZ is negatively regulated by iron. HutZ was purified and shown to bind heme with high efficiency. We propose that HutZ may function as a heme shuttling or storage protein or both.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The strains and plasmids used in this study are listed in Table 1 . The iron chelator ethylenediamine di(ortho-hydroxyphenylacetic acid) (EDDA) was deferrated by the method of Rogers (31) . When added, the antibiotic concentrations used were 250 g of carbenicillin per ml, 50 g of kanamycin per ml, and 50 (E. coli) or 5 (V. cholerae) g of chloramphenicol per ml. Corynebacterium strains were routinely grown in heart infusion broth containing 0.2% (vol/vol) Tween 80 (HIB-Tween).
Growth assays. Cultures were grown overnight in L broth and then diluted 200-fold into minimal medium. The M9 medium was modified and contained 42 mM Na 2 PO 4 , 22 mM KH 2 PO 4 , 18 mM NH 4 Cl, 85 mM NaCl, 2.5 mM MgSO 4 , and 0.4% (wt/vol) sucrose or another carbon source as indicated. All cultures were grown with aeration at 37°C. To determine the ability of the hutZ mutant to grow in iron-restricted medium following growth with heme as the sole iron source, strains (EWV104, EWV115, and EWV115/pVHT124) were grown with shaking at 37°C to late log phase in M9 medium with 200 g of EDDA per ml and 2.5 M hemin. Cultures were centrifuged, washed with saline, and resuspended to an A 650 of approximately 0.07 in M9 medium containing 200 g of For the heme toxicity studies, overnight cultures were diluted 500-fold into L broth containing 600 g of EDDA per ml and the indicated quantities of hemin. Cultures were grown with shaking at 37°C. After 3.5 h, the A 650 of each culture was determined, and serial dilutions of the culture were plated to determine the number of CFU present. The mean inoculum size for EWV104/pWSK29 was 2.12 ϫ 10 7 ; for EWV115/pWKS30 it was 1.95 ϫ 10 7 , and for EWV115/pVHT124 it was 1.89 ϫ 10 7 . For the spot toxicity assays, overnight cultures were diluted 100-fold into L broth and 25 l was mixed with 20 ml of L agar containing 300 g of EDDA per ml and poured into a 100-mm-diameter petri plate. After solidification of the agar, 5 l of either a 5 mM or 500 M hemin solution was spotted onto the surface of the agar. Growth around the heme spot was photographed following incubation for 24 h at 37°C.
For C. ulcerans heme utilization assays, cultures were grown overnight in HIB-Tween and plated on HIB agar containing 200 g of EDDA per ml, 5 M heme, and 2 g of chloramphenicol per ml.
Western blot assays. Overnight cultures were diluted 100-fold into L broth containing the indicated concentration of EDDA or hemin. When the A 595 reached approximately 0.6, 1 ml of culture was centrifuged for 1 min in a Microfuge, and the pellet was resuspended in 0.2 ml of sodium dodecyl sulfate (SDS) gel sample buffer. The samples were boiled for 10 min and loaded onto an SDS-15% polyacrylamide gel. Following transfer to nitrocellulose, HutZ was visualized with a rabbit antiserum raised against purified HutZ.
DNA sequencing. DNA was sequenced with an Applied Biosystems Prism 377 DNA sequencer (Perkin-Elmer Corp.). Routine DNA sequence analysis was performed with the program DNA Strider (18) . Amino acid sequence alignments were performed with the ClustalW feature of the MacVector package (25) . The BLAST program (1) was used to search the National Center for Biotechnology Information protein database.
Mutant strain construction. To construct EWV107, the kanamycin resistance gene from plasmid pUC4K was inserted as a BamHI fragment into the BglII site in hutW carried on plasmid pHUT10. The SnaBI/HpaI fragment containing hutW::kan was subcloned into the NruI site of pACSac. The resulting plasmid was introduced into V. cholerae strain Lou15 by electroporation, and an allelic exchange mutant named EWV105 was obtained as previously described (52) . A vibB::cam mutation was introduced into EWV105 as previously described (51) to give hutW::kan vibB::cam mutant strain EWV107.
To construct EWV115, the region containing hutZ was amplified from Lou15 DNA with Taq DNA polymerase and the primers Liz 211 (5ЈTTATGGCGAA GCATCATCTGC) and Liz 212 (5ЈAAGAAGCGGTCAATGGGTGC). The resulting fragment was subcloned into pGEM-Teasy, and the kan gene from pUC4K was inserted as a HincII fragment into the AfeI site in hutZ. The fragment containing hutZ::kan was obtained by digestion with NotI, made blunt with Klenow, and subcloned into the SmaI site of pCVD442. Marker exchange mutations were obtained as previously described (21) .
Plasmid construction. A series of nonpolar mutations in the hutWXZ genes was constructed as follows. The SmaI fragment containing the aphA-3 cassette from plasmid pUC18K was inserted into the StyI site in hutW, the SphI site in hutX, or the Eco47III site in hutZ. The StyI and SphI sites were made blunt with Klenow prior to ligation with the aphA-3 cassette fragment. In each case, the DNA sequence around the 3Ј junction of the aphA-3 cassette was determined to confirm the orientation of the insert and that the hut sequence was in frame. The plasmids carrying these inserts are listed in Table 1 . Western blotting confirmed that HutZ is produced by pVHT111 (hutX::aph) and pVHT122 (hutW::aph), and the amount produced was similar to that made from the plasmid carrying the wildtype operon (pVHT105). As expected, HutZ was not produced by pVHT116 (hutZ::aph).
pVHT139 was constructed by PCR amplification of hutZ from V. cholerae strain Lou15 with Pfu DNA polymerase (Stratagene) and primers Liz197 (5Ј-C GGGATCCTATCGCCGAAAAAACAAGC) and Liz198 (5Ј-CGGGATCCTT CTTTACCGCTCAAGGTGAAAAC). The PCR product was cleaved with BamHI and cloned into the BamHI site of pCmZ. The resulting clone was sequenced to confirm that the cloned fragment did not contain PCR errors. pEHutZ was constructed by PCR amplification of hutZ from pVHT105 with Vent DNA polymerase (New England Biolabs) and a forward primer containing an NdeI site (5Ј-GGAATTCCATATGGATCAGCAAGTTAAGCA) and a reverse primer containing an XhoI site (5Ј-CCGCTCGAGTTAGCCATTAGAA ATCTTAC). The PCR product was cleaved with NdeI and XhoI and cloned into pET30a cleaved with NdeI and XhoI.
Expression and purification of HutZ and preparation of HutZ antiserum. An overnight culture of E. coli BL21(DE3) carrying plysS and pEHutZ was diluted into 100 ml of Luria-Bertani (LB) medium contain ampicillin and grown at 37°C to mid-log phase. Ten milliliters of the culture was then diluted into 1 liter of LB medium containing ampicillin, and when the cells reached mid-log phase isopropyl-␤-D-thiogalactopyranoside was added to a final concentration of 1 mM. The cells were grown for an additional 4 to 5 h at 30°C and harvested by centrifugation at 10,000 ϫ g for 20 min. Cells were lysed by sonication in buffer containing 50 mM Tris-HCl (pH 7.8), 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride, and the suspension was centrifuged at 27,000 ϫ g for 40 min.
The supernatant was applied to a Sepharose-Q Fast Flow column (1.5 by 10 cm) previously equilibrated with 20 mM Tris-HCl (pH 7.5). The column was washed with 3 column volumes of 20 mM Tris-HCl (pH 7.5) containing 50 mM NaCl. Protein was then eluted with the same buffer with a linear gradient of 50 to 500 mM NaCl. HutZ eluted at a concentration of 200 to 250 mM NaCl, and the peak fractions were pooled and dialyzed against 10 mM KPO 4 (pH 7.4) at 4°C. HutZ was stored at Ϫ80°C or reconstituted with heme as described below. A portion of the purified protein was used for the preparation of anti-HutZ antiserum in rabbits. The antiserum was prepared at Cocalico Biologicals, Inc. (Reamstown, Pa.), in accordance with standard protocols.
Reconstitution of HutZ with heme. The heme-HutZ complex was prepared as follows. Hemin was added to the purified HutZ protein at a final 2:1 heme-toprotein ratio. The sample was then applied to a Bio-Gel HTP column (1.5 by 6 cm) preequilibrated with 20 mM KPO 4 (pH 7.8) buffer. The column was washed with the same buffer (5 volumes). The protein was then eluted with a linear gradient of 10 mM KPO 4 (pH 7.8) to 150 mM KPO 4 (pH 7.8). The protein fractions were pooled and dialyzed against 20 mM Tris-HCl (pH 7.8) at 4°C. The protein was concentrated with an Amicon filtration unit and stored at Ϫ80°C.
Absorption spectroscopy of the HutZ protein. The UV and visible spectra of wild-type HutZ were recorded in 20 mM Tris (pH 7.5) on a Cary 100Bio spectrophotometer. The millimolar extinction coefficient (ε 405 ) for the hemeHutZ complex was determined as previously described (7). The A 412 of a purified heme-HutZ sample was measured. An excess of dithionite was added, and the spectrum of the reduced ferrous pyridine hemochrome was recorded. The concentration was calculated from the absorbance maxima at 418.5, 526, and 555 nm with millimolar extinction coefficient values of 170, 17.5, and 34.4, respectively.
RESULTS
Identification of an operon containing heme utilization genes. To identify genes that could be involved in the utilization of heme following its entry into the cytoplasm, we examined genes that are closely linked to known heme transport genes and have no known function. Three genes linked to the V. cholerae tonB1 operon have homology with genes in other heme transport loci (Table 2 ). These genes, named hutW, hutX, and hutZ, form an apparent operon that is divergently transcribed from the tonB1 operon (12, 24) (Fig. 1A) . The promoter region for these genes contains several potential binding sites for the iron regulatory protein Fur. The sequences of these potential Fur boxes are indicated in Fig. 1B . Given this information, we decided to determine whether HutWXZ has any role in heme utilization in V. cholerae.
HutW is a member of the radical SAM superfamily of Sadenosylmethionine-dependent enzymes (38) . This large family of proteins uses a radical-based mechanism to catalyze diverse chemical reactions. HutW has the highest homology with proteins encoded by genes linked to heme transport genes of Vibrio parahaemolyticus (26) , Plesiomonas shigelloides (16) , Yersinia pestis (28) , and E. coli O157:H7 (Table 2) . HutW has lower homology with HemN, the oxygen-independent form of the heme biosynthetic enzyme coproporphyrinogen oxidase (54) , and also with yggW, an ORF of unknown function present in the genome of E. coli K-12 (2) and several other bacterial species. The two downstream genes (Fig. 1A) were also analyzed. The predicted amino acid sequences of HutX and HutZ lack any motifs or signature sequences that would suggest an activity for these proteins. Both proteins, however, have homology with proteins encoded within heme transport regions 4144 WYCKOFF ET AL. J. BACTERIOL.
in other organisms ( Table 2 ). The functions of these proteins in other organisms are also unknown. The homology of HutW with HemN suggested that it might have coproporphyrinogen oxidase activity. To test this, a Salmonella enterica serovar Typhimurium hemN mutant was transformed with plasmid pVHT105, which contains the hutWXZ operon. This clone did not complement the hemN mutation (data not shown), indicating that hutW is unlikely to encode an oxygen-independent coproporphyrinogen oxidase activity. In a positive control, the hemN gene of E. coli O157:H7 complemented the Salmonella hemN mutation. HutW and several other HutW homologues encoded in heme transport loci are generally annotated as hemN (oxygen-independent coproporphyrinogen oxidases). The annotation of this group of proteins may need to be reviewed.
Genetic analysis of hutWXZ. Because the sequence analysis did not suggest a role for the genes in the hutWXZ operon, we used allelic exchange to construct a chromosomal mutant in which a kanamycin resistance cassette was inserted into the hutW gene (see Materials and Methods). We anticipated that this hutW::kan insertion would be polar on hutX and hutZ, allowing us to identify a role of any or all of these genes in heme utilization. A mutation in the vibriobactin biosynthetic gene vibB was also introduced into this strain to reduce growth due to vibriobactin utilization in iron-restricted media. The resulting strain, EWV107, grew similarly to the isogenic vibB mutant strain EWV104 in both LB and minimal media, indicating that the hutWXZ genes do not encode functions required for growth in these media. However, EWV107 was defective in heme utilization (Fig. 2) . In this experiment, all strains grew well in minimal medium with no added iron, and their growth was inhibited in the same medium containing the iron chelator EDDA. When the M9-EDDA medium was supplemented with hemin, the hutW::kan mutant grew poorly relative to the isogenic vibB mutant (Fig. 2) . Supplying the hutWXZ genes on a plasmid restored the ability of the mutant to use heme efficiently. This result was not dependent on the carbon source used, since the hutW vibB::cam mutant had a defect in heme utilization when glucose, sucrose, lactate, suc- 
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HutZ IS A HEME UTILIZATION PROTEIN 4145 cinate, or glycerol was used as the sole carbon source. In contrast to the result obtained with minimal medium, the hutW::kan vibB::cam mutant was able to use heme as an iron source in L broth containing EDDA and hemin (data not shown). The reason for this difference in heme utilization between L broth and minimal medium is not known. Since the kan insertion in hutW is likely to be polar on hutX and hutZ, additional experiments were performed to determine which of these genes is required for optimal heme utilization (Fig. 3) . A plasmid encoding only hutW did not restore that ability of the hutW::kan strain to grow in minimal medium with heme as an iron source. This showed that hutW was not sufficient to complement the hutW::kan mutation and supported the model in which the hutWXZ genes form an operon. The hutW::kan mutant was then transformed with a series of plasmids containing the hutWXZ operon, in which one each of these genes was disrupted with the nonpolar aph cassette (20) . The plasmids carrying insertions in hutW and hutX complemented the mutation, but the hutZ insertion plasmid did not. In a further experiment, a plasmid containing only hutZ complemented the hutW::kan mutation, indicating that hutZ is necessary and sufficient for efficient heme utilization by this mutant (Fig. 3) .
To further characterize hutZ, we constructed a chromosomal hutZ::kan mutation in the vibB genetic background. Like the hutW::kan mutant EWV107, EWV115 had a heme utilization defect. A representative experiment is shown in Fig. 4 . All of the strains grew well in M9 medium supplemented with 40 M iron (Fig. 4A) . However, when heme was the sole iron source, the hutZ mutant grew more slowly and reached a lower final cell density than its parent strain (Fig. 4B ). The hutZ::kan mutant grew more slowly than the previously characterized hutW::kan mutant in M9-EDDA-hemin medium, and although the difference was small, it was consistently observed in all experiments. Unlike the hutW::kan mutant, the hutZ::kan mutant used heme poorly in L broth (data not shown). Providing hutZ on a plasmid restored the ability to grow with heme as the sole iron source, indicating that the growth defect on hemecontaining media was due to loss of hutZ. These data directly demonstrate that hutZ is required for optimal heme utilization by V. cholerae.
The growth defect on heme is not due to heme toxicity. Reduced growth on heme as the sole iron source could be due FIG. 3 . Complementation of a V. cholerae hutW::kan mutant and suppression of corynebacterial hmuO mutants. For complementation of hutW::kan, V. cholerae strain EWV107 was transformed with a plasmid carrying the indicated genes and then tested for growth in M9 minimal medium supplemented with EDDA and hemin as described in the legend to Fig. 2 . Where indicated, one of the genes was disrupted with the nonpolar aph gene. The plasmids tested for complementation of hutW::kan were as follows: hutWXZ, pVHT105; hutW, pVHT106; hutXZ, pVHT122; hutWZ, pVHT111; hutWX, pVHT116; hutZ, pVHT124. For suppression of hmuO mutants, either C. diphtheriae strain HC1-7 or C. ulcerans strain CU29 was transformed with plasmids carrying the indicated genes and plated on brain heart infusion medium containing EDDA and hemin. ϩ, colony size of Ͼ1 mm, Ϯ, colony size between 0.1 and 1 mm; Ϫ, no colonies were observed. The plasmids tested for suppression of the hmuO mutations were as follows: hutWXZ, pVHT108 and pVHT109; hutW, pVHT106; hutXZ, pVHT128; hutWZ, pVHT130; hutWX, pVHT132; hutZ, pVHT139. The optical density at 595 nm (OD 595 ) was measured at the indicated times. Symbols: }, vibB mutant strain EWV104 carrying plasmid vector pWSK29; ᮀ, vibB hutW mutant strain EWV107 carrying pWSK29; OE, strain EWV107 carrying hutZ on plasmid pVHT124; ϫ, vibB hutZ mutant strain EWV115 carrying pWKS30; , strain EWV115 carrying hutZ on plasmid pVHT124.
4146
WYCKOFF ET AL. J. BACTERIOL.
either to failure to efficiently use the heme as a source of iron or to heme toxicity. To test for heme toxicity, overnight cultures of the hutZ mutant, the isogenic HutZ ϩ strain, and the hutZ mutant complemented with hutZ on a plasmid were diluted into iron-restricted media containing increasing concentrations of hemin and incubated for 3.5 h (Fig. 5A) . No growth of the cells was observed in the absence of an added iron source; in fact, some cell death occurred since the number of viable cells present at 3.5 h was lower than that of the original inoculation. When the medium was supplemented with hemin, all three strains grew, although the final titers of the hutZ mutant cultures were consistently lower than those of the HutZ ϩ strains (Fig. 5A) , and the extent of this difference was consistent with the reduced optical density observed in the growth curve (Fig. 4) . If heme were toxic to the hutZ mutant, it might be expected that the number of viable hutZ mutant cells would decrease with increasing heme concentrations. The data show that the growth of the hutZ mutant was essentially unchanged across the range of heme concentrations normally used for heme utilization and toxicity assays.
Bioassays also were performed in which heme at a concentration of 5 mM or 500 M was spotted onto iron-restricted agar containing hutZ mutant or HutZ ϩ cells (Fig. 5B) . Cell growth was observed around both heme concentrations, showing that both strains were able to use heme as an iron source. The colony size of the hutZ mutant was smaller than that of the HutZ ϩ strain, consistent with the reduced growth of the mutant observed in liquid assays. However, even at the highest heme concentration, colonies of the hutZ mutant strain were present at the center of the growth zone, directly under the spot inoculated with heme. Some of the colonies directly under the inoculation were slightly smaller than those at the edge of the inoculated area, but this effect was also present in the HutZ ϩ strain. Taken together, the results of these experiments do not support the model in which the growth defect of the hutZ mutant observed in our assays is due to increased susceptibility to heme toxicity.
Visualization of HutZ and regulation of hutZ by iron. Purified HutZ was used to raise a polyclonal antiserum in rabbits (see Materials and Methods). In a Western blot assay, a 20,000-M r band was visualized in the sample of cellular protein from the HutZ ϩ strain (Fig. 6, lane 1) . The amount of HutZ present was reduced, but not totally eliminated, in the hutW::kan mutant strain (EWV107), while HutZ was not observed in the hutZ::kan strain (EWV115) (Fig. 6, lane 3) . This 
VOL. 186, 2004
HutZ IS A HEME UTILIZATION PROTEIN 4147 residual expression of HutZ in the hutW::kan mutant may explain why it had a less severe phenotype than the hutZ::kan mutant. HutZ expression was restored when hutZ was provided on a plasmid (Fig. 6, lane 4) . In these immunoblots, a band migrating slightly faster than HutZ was consistently visualized. The identity of this protein is unknown, but since it was also recognized by the preimmune serum, it is unlikely to be related to HutZ. The presence of potential Fur boxes upstream of the hutW promoter suggested that this operon would be regulated by iron. The Western blot shows that only a low level of HutZ is produced when the culture was grown in LB medium supplemented with 40 M FeSO 4 (Fig. 6, lane 5) and that the amount of HutZ present during growth in unsupplemented L broth was only slightly greater than during growth with added iron (lane 6). When the iron chelator EDDA was added to a final concentration of either 5 or 50 g/ml, the amount of HutZ present was greatly increased (Fig. 6, lanes 7 and 8) . These data are consistent with the idea that the synthesis of HutZ is negatively regulated by iron. To determine whether the synthesis of HutZ is also regulated by hemin, we grew a culture in the presence of EDDA and hemin. The amount of HutZ present when the strains were grown in media containing EDDA and hemin was similar to the amount synthesized in the presence of EDDA alone (Fig. 6, lane 9) . Thus, HutZ synthesis was neither induced nor repressed by the presence of heme. Addition of heme to L broth in the absence of added iron chelators did not affect HutZ synthesis, indicating that heme also did not influence HutZ synthesis under iron-replete conditions (data not shown).
The hutWXZ genes stimulate growth of corynebacterial hmuO mutants. The gene for heme oxygenase, hmuO, has been identified in C. diphtheriae and in C. ulcerans, and hmuO mutants fail to grow when hemin is the sole iron source (33) . To determine whether the hutWXZ genes might have a function similar to that of hmuO and allow growth of hmuO mutants on heme, we subcloned the hutWXZ genes into the corynebacterial shuttle vector pCmZ (5) . The presence of the hutWXZ genes restored the ability of the corynebacterial hmuO mutants to grow with hemin as the sole source of iron (Fig. 3) . The ability of the hutWXZ genes to restore growth of the Corynebacterium mutants was similar to that seen when the mutations were complemented with the cloned C. diphtheriae hmuO gene (data not shown). To determine which ORF is required for restoration of growth of the hmuO mutant, the series of nonpolar aph cassette insertions was subcloned into the pCmZ shuttle vector. Plasmids carrying insertions in the hutW and hutX genes restored the growth of the Corynebacterium hmuO mutants with heme as an iron source, but a plasmid with an insertion in hutZ did not (Fig. 3) . This indicates that hutZ was necessary for restoration of growth on hemin in this assay. To determine whether hutZ is sufficient for growth, we cloned hutZ into pCmZ. C. diphtheriae or C. ulcerans hmuO mutants carrying the resulting plasmid, pVHT139, grew with heme as the sole source of iron, but the colony size was smaller than that of the hmuO mutants carrying either the complete hutWXZ operon or the cloned C. diphtheriae hmuO gene.
Purification and characterization of HutZ. To determine whether HutZ has heme binding or heme oxygenase activity, the HutZ protein was expressed and purified as the apoprotein with no heme bound. Reconstitution of the purified protein with heme resulted in a protein with a Soret at 412 nm and visible bands at 541 and 575 nm (Fig. 7) . The spectrum of HutZ closely resembles that of the previously characterized heme binding protein ShuS from Shigella dysenteriae (48) . The spectrum suggests that the heme is a ferric six-coordinate low-spin heme in which the proximal ligand to the heme is most likely a histidine. We have recently characterized the heme-ShuS protein by magnetic circular dichroism and shown that the heme in the ShuS complex is coordinated by a histidine with a hydroxide ligand in the distal position at pH 7.8 (A. Wilks, unpublished data). The millimolar extinction coefficient (ε 412 ) of the heme-HutZ complex was calculated to be 166 mM Ϫ1 . The heme-HutZ complex was analyzed for HO activity with ascorbate or the NADPH cytochrome P450 reductase system as previously described (30, 49, 56) . In the presence of either as a source of reducing equivalents, formation of verdoheme was observed. While verdoheme is an intermediate in the heme oxygenase-catalyzed pathway to biliverdin, it can be formed as a result of nonspecific action of hydrogen peroxide formed during the reaction. This nonspecific reaction can be prevented by addition of catalase to the reaction mixture. In the presence of catalase, the known heme oxygenases catalyze reduction of the iron and binding of oxygen prior to the formation of Fe 3ϩ -verdoheme and subsequently biliverdin. In contrast, when catalase was added to the reaction mixture, the heme-HutZ complex did not result in the formation of either verdoheme or biliverdin.
HutZ is needed for growth at low iron concentrations following growth with heme as the sole iron source. The ability of HutZ to bind heme suggested that it might function as a heme storage protein. If this is the case, we would predict that the hutZ vibB mutant would have lower levels of internal iron stores than the vibB parental strain following growth with heme as the sole iron source. To test this, we diluted overnight cultures of the vibB::cam mutant EWV104, the hutZ::kan vibB::cam mutant EWV115, and EWV115 carrying hutZ on a plasmid into M9 medium containing heme and the iron chelator EDDA and grew the cultures overnight. The cultures were then diluted into M9 medium containing EDDA, and growth was monitored. EWV104 and EWV115 carrying hutZ on a plasmid grew slowly with a doubling time of approximately 3 h, while EWV115 did not grow at all. This is evidence that EWV115 is depleted of its internal iron stores (data not shown).
DISCUSSION
The current model for heme transport in V. cholerae is shown in Fig. 8 . In this model, heme is transported across the outer membrane in a TonB-dependent manner by one of the three heme receptors. HutBCD likely functions as a periplasmic binding protein-dependent ABC transporter to transfer heme across the inner membrane (24) .
Although many of the proteins that transport heme into the cell have been identified, the fate of heme after it enters the cell is not well understood (42) . In principle, transported heme could have one of three possible fates. It could be incorporated directly into heme proteins, it could be degraded to release the iron, or it could be stored for future use. It is known that in V. cholerae the transported heme can be incorporated into cytochromes and possibly other heme proteins, but neither heme storage nor heme degradation has been demonstrated in this or a related organism. An additional question is how heme moves from the heme transport proteins in the membrane to heme-containing proteins located throughout the cell. Since unbound heme is toxic and poorly soluble in water, it is not anticipated that significant quantities of heme would be freely diffusing through the cytoplasm. Either the apo-heme proteins would have to be recruited to the heme transport system or there must be a carrier to take the heme to these proteins.
As a soluble, heme-binding protein, HutZ has the properties expected of a heme carrier or storage protein. Its role in heme storage is supported by the reduced growth of the hutZ mutant in iron-restricted medium following growth with heme as the sole iron source. Furthermore, biochemical experiments have indicated that heme is efficiently transferred from HutZ to the Neisseria heme oxygenase HmuO (Wilks, unpublished) . This suggests a possible role of HutZ in heme trafficking within the cell. We propose that HutZ may function to bind the transported heme, storing it in a nontoxic and bioavailable form. Then, in response to unknown cellular signals, the heme could be transferred to cellular heme proteins as needed. The presence of the hutWXZ operon on a plasmid conferred the ability to grow with heme as the sole iron source on corynebacterial hmuO mutants, and hutZ was required for this effect. This suggested that HutZ could be a heme oxygenase, but purified HutZ did not have detectible heme oxygenase activity. One possibility is that HutZ binds heme and this sequesters the heme and prevents heme toxicity. However, corynebacterial hmuO mutants are not sensitive to high levels of heme, suggesting that lack of growth of these mutants is due to lack of usable iron, rather than toxicity of transported heme. Two additional possibilities are that the corynebacterial strains have an second, extremely weak heme oxygenase that is stimulated in the presence of HutZ and that HutZ allows the cells to bypass the requirement for a heme oxygenase activity in heme utilization. Either of these possibilities may have implications for how organisms like V. cholerae use heme as a source of iron in the absence of an apparent heme oxygenase homologue.
In the hutZ mutant, the ability to use heme was reduced but not eliminated. It is possible that HutZ performs a nonessential function that allows more efficient utilization of heme. Alternatively, HutZ may perform an essential function, but an additional gene encoding a similar function may be present. There is considerable redundancy in the V. cholerae heme utilization genes. There are three heme receptors, two TonB systems, and probably multiple systems for the transport of heme across the inner membrane. At this time, there is no candidate gene with a function redundant with respect to that of hutZ. BLAST searches of the V. cholerae genome sequence (12) have not revealed another ORF with homology to HutZ. The S. dysenteriae ShuS protein binds heme in a manner similar to that of HutZ (48) , suggesting that it might have a function similar to that of HutZ. However, no ShuS homologue was identified in a BLAST search of the V. cholerae genome. Little is known about proteins that are involved in the trafficking of endogenously synthesized heme. It is possible that any of the proteins that usually bind endogenously synthesized heme could partially fulfill the role of HutZ.
Many of the characterized heme transport loci contain genes with homology to hutWXZ. An ORF with homology with hemN was first identified within the heme transport loci of S. dysenteriae and E. coli O157:H7 (50), and additional hemN homologues were later found linked to heme transport genes in V. parahaemolyticus (26) , V. vulnificus (3), P. shigelloides (16) , Y. pestis (28) , and V. cholerae (12) . Each of the loci listed above also contains a homologue of hutX, but only the P. shigelloides and the other Vibrio species loci contain a hutZ homologue. Several other species contain a hutZ homologue but lack a hutW and hutX homologue, and Pasteurella multocida lacks a hutW homologue but has two hutZ homologues and one hutX (14, 21) , and this transport requires the activity of one of the two TonB systems (24) (not shown). Heme is then transported across the inner membrane most likely by the HutBCD transport system (24) . The fate of the heme moiety following transport is not known, although at least some of the heme is likely incorporated into cytochromes and other heme proteins.
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homologue (19) . The significance of this diversity is not understood, but the sequence conservation among these ORFs is comparable to the conservation observed in heme receptors. Genetic analysis has not indicated that hutW or hutX homologues are required for heme utilization. It is not known whether this indicates that the hutW and hutX homologues do not participate in heme utilization or whether redundant functions are present. Prior to this work, an effect of hutWXZ homologues was observed in the following functional assay. When the P. shigelloides heme transport genes were used to reconstruct heme transport in E. coli, bacteria carrying clones that contained the heme receptor, the tonB system, and the hutWXZ homologues (called hugWXZ) used heme efficiently as an iron source. When the hugWXZ genes were deleted from the plasmid, the strain only used heme weakly and was sensitive to high levels of heme (16) . The ORF(s) required was not identified. Although these data are consistent with the findings reported here for the V. cholerae hutWXZ genes, the hutZ mutant did not appear to be sensitive to high concentrations of heme. This may be due to differences in the genetic backgrounds of the V. cholerae hutZ mutant and E. coli expressing heme utilization proteins from plasmids.
